Mechanistic details of mammalian metabolism in vivo and dynamic metabolic changes in intact organisms are difficult to monitor because of the lack of spatial, chemical, or temporal resolution when applying traditional analytical tools. These limitations can be addressed by sensitivity enhancement technology for fast in vivo NMR assays of enzymatic fluxes in tissues of interest. We apply this methodology to characterize organ-specific short chain fatty acid metabolism and the changes of carnitine and coenzyme A pools in ischemia reperfusion. This is achieved by assaying acetyl-CoA synthetase and acetyl-carnitine transferase catalyzed transformations in vivo. The fast and predominant flux of acetate and propionate signal into acyl-carnitine pools shows the efficient buffering of free CoA levels. Sizeable acetyl-carnitine formation from exogenous acetate is even found in liver, where acetyl-CoA synthetase and acetylcarnitine transferase activities have been assumed sequestered in different compartments. In vivo assays of altered acetate metabolism were applied to characterize pathological changes of acetate metabolism upon ischemia. Coenzyme pools in ischemic skeletal muscle are reduced in vivo even 1 h after disturbing muscle perfusion. Impaired mitochondrial metabolism and slow restoration of free CoA are corroborated by assays employing fumarate to show persistently reduced tricarboxylic acid (TCA) cycle activity upon ischemia. In the same animal model, anaerobic metabolism of pyruvate and tissue perfusion normalize faster than mitochondrial bioenergetics.
by a number of enzymes in mammals including pyruvate dehydrogenase, ␤-ketothiolase, and ATP citrate-lyase (1) . A less well-explored metabolic pathway forming acetyl-CoA in mammals is the acetyl-CoA synthetase (AceCS)-catalyzed catabolism of acetate ( Fig. 1) , which accounts for up to 10% of the energy expenditure in humans (2) .
Esterification of carboxylic acids is a common means of generating activated molecules for entrance into metabolic pathways and renders the CoA-activated metabolite largely membrane impermeable. Pools of acyl-CoA esters in different cellular compartments require tight regulation because of their metabolic activity and because of the signaling function of some CoA esters (3) . Under normal conditions, free CoA is regenerated by the metabolism esters, whereas large amounts of CoA esters may accumulate under stress conditions (4) . Sufficient pools of free CoA are ensured under these conditions by buffering acyl-CoA:CoA ratios through transesterifications of acylCoA with carnitine. Carnitine also provides a shuttle for the flux of CoA-activated metabolites between intracellular compartments (5) . Transesterification between CoA and carnitine esters by carnitine acyltransferases is freely reversible and thus occurs without wasting free energy on hydrolysis and resynthesis of the esters. The short fatty-acid specific carnitine acetyltransferase CrAT ensures compartmental buffering of CoA and acetyl-CoA pools in mitochondria, endoplasmic reticulum, and peroxisomes (3, 6) .
The overall importance of the carnitine system is evidenced by the severe clinical manifestations of primary genetic carnitine deficiency diseases leading to myopathies, heart attacks, and death (4, 7, 8) . Metabolic disturbance of the carnitine/CoA system occurs among others secondary to ischemia and hypoxia, cardiac failure, fatty acid oxidation disorders, ketosis, and diabetes (3, 4, 9) . This suggests assaying metabolism of exogenous acetate or propionate by AceCS and CrAT ( Fig. 1 ) in vivo for detection of pathological CoA and carnitine levels.
The precise physiological role of mammalian acetate metabolism has remained elusive and has attracted renewed interest, as mammalian acetate metabolism is modulated by sirtuins implicated in organism longevity (10, 11) . Functional in vivo data on tissue acetate metabolism is required because of shortcomings in extrapolating in vitro and ex vivo data on pathway regulation to physiological settings. Previous use of acetate tracers in vivo has assessed oxidative tissue metabolism by NMR isotopomer analysis of steady-state 13 C incorporation into metabolites and by radiolabel assays of acetate uptake and clearance (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . These approaches are limited in temporal and spatial resolution, in their use under non-steady-state conditions (22) DNP preparations were hyperpolarized in a polarizer as described by Ardenkjaer-Larsen et al. (23) . The hyperpolarized sample was subsequently dissolved in a phosphate buffer (40 mM, osmolality adjusted with NaCl to 210 mOsm) to provide a 50 mM solution of hyperpolarized substance at at pH of 7.1 Ϯ 0.1, an osmolality of 274 Ϯ 8 mOsm and a polarization of 17 Ϯ 1% for acetate, 22 Ϯ 1% for propionate, 23 Ϯ 2% for pyruvate and 30 Ϯ 2% for fumarate during the administration. In the dissolution buffer of pyruvic acid and fumaric acid equivalent amounts of NaOH were added to neutralize the acids. A dose of 0.44 mmol/kg was infused during 6 s resulting in an approximate blood concentration of 5 mM tracer.
13
C MRS in Vivo-A catheter was placed in the tail vein, and animals were positioned in a 2.35 T Bruker Biospec Avance II MR scanner. Anesthesia was maintained in the MR system by a gas mixture of oxygen and nitrous oxide with 2% isoflurane. Gas flow was 200 ml/min O 2 and 200 ml/min N 2 O. Body temperature of the animals was controlled to vary within 37.0 Ϯ 0.2°C. ECG, breathing, and rectal temperature were all monitored with a S. A. Instrument 1025 MR compatible animal monitoring system. Injection of the substances did not lead to abnormal effects on the physiological parameters that were monitored.
MR imaging was performed using a dual-tuned 1 H-13 C birdcage resonator with inner diameter of 72 mm and a standard proton MR imaging sequence to retrieve anatomic information. 13 C spectra of myocardial and liver metabolism were acquired with a 12-mm 13 C surface coil placed on the sternum or abdomen of the mouse, respectively. Spectra in myocardium and liver were recorded either with a 90°flip angle 15 s after the start of the injection or with a time series of 30 one-dimensional spectra obtained with 30°flip angles and a repetition time of 3 s. For the ischemic model, an 8-mm 13 C surface coil was placed around the hind leg of the mouse, and a time series of 30 one-dimensional spectra was obtained with 25°flip angles and a repetition time of 4 s for acetate and pyruvate injections. Spectra of fumarate injections were recorded with a time series of 60 one-dimensional spectra obtained with 10°flip angles and a repetition time of 2 s. Ischemia-Hindlimb ischemia was introduced by occlusion with a string for 30 min as described by in 't Zandt et al. (36) . Occlusion was performed at a constant force for 30 min and was released 5 min before injection of 13 C-labeled substrate. After data acquisition, the mouse was kept in the scanner for further 55 min before a second injection of 13 C-labeled substrate. Data were analyzed in Jmrui (37) . Eight spectra were summed starting from the first spectrum where the acetate peak appears. Sum spectra were then analyzed in batch. The same methodology was applied for pyruvate metabolism. Fumarase activities were indexed by signal area ratios of malate and fumarate 22 s after fumarate injection.
13 C DNP Enzymatic Assays-5-mm NMR tubes were prepared with 4.7 units/ml acetyl-CoA synthetase, 125 units/ml carnitine acetyltransferase, 6 mM coenzyme A, 10 mM carnitine, 10 mM ATP, 75 mM Tris buffer of pH 7.6, 7.5 mM MgCl 2 , and 2 mM dithiothreitol for enzymatic in vitro DNP assays (35) . The assay mixture was kept at 37°C in a water bath for 15 min prior to experiments. Hyperpolarized short chain fatty acid ([1-
13 C]acetate or [1-13 C]propionate) was added to a final concentration of 2 mM. Real-time reaction kinetics was followed by acquiring low flip angle (10°) 13 C NMR spectra every 2 s. In vitro assays were perfomed on a 400 MHz Varian Inova spectrometer.
RESULTS
Fast Activation of Acetate to Esters-In vivo NMR spectra of acetate metabolism were recorded in mouse heart, liver, and skeletal muscle supplied with hyperpolarized [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]acetate. Hyperpolarized in vivo NMR provides sufficient sensitivity to detect conversion of the marker to different molecular species. In the case of acetate, two metabolites were detected at 202.1 ppm and 174 ppm in the heart ( Fig. 2A) in addition to the dominating substrate signal (at 182.6 ppm). Signal assignments to acetyl-CoA (202.1 ppm) and acetyl-carnitine (174 ppm) were supported in vitro in a reaction with purified AceCS and CrAT, which yields acetyl-CoA and acetyl-carnitine NMR signals at the spectral positions detected in vivo (Fig. 2, A and C) . Fig. 2B ), which can be ascribed to CoA and carnitine esters of propionate in an in vitro reaction with purified AceCS and CrAT (Fig. 2, B and C) .
Propionate is found to be a substrate for short chain fatty acid metabolism in vivo in agreement with reports of similar activities and Michaelis constants of CrAT toward acetyl-CoA and propionyl-CoA in vitro (39, 40) . Lower substrate preference of AceCS for propionate is reflected by lower intensities of [1-
13 C]propionyl-CoA and [1-13 C]propionyl-carnitine signals as compared with respective acetyl esters in DNP-NMR assays in vivo (Fig. 2) . This finding is in agreement with in vitro data indicating that propionate is a less preferred substrate of AceCS than acetate (38) .
Tissue Differences of Acetate Activation-Acetate was accordingly employed as the in vivo biomarker of choice for assaying short chain fatty acid metabolism in different organs and in ischemic tissue. A time series showing myocardial metabolism of hyperpolarized [1- 13 C]acetate in vivo is given in Fig. 3 . Signal build-up or decay because of chemical transformation is convoluted with signal decay due to relaxation of the hyperpolarized spin ensemble. Maximum [1- 13 C]acetyl-carnitine signal in the dynamic series was used to define the time after infusion, where metabolism of hyperpolarized [1- 13 C]acetate is most sensitively detected. Metabolic differences of liver and myocardium in living animals can be assessed from the obtained hyperpolarized NMR spectra, which show a ϳ3-fold higher acetylcarnitine:acetyl-CoA signal ratio in myocardium than in liver. Notwithstanding, both acetyl-carnitine and acetyl-CoA signal can be detected in liver (Fig. 3, C and D) .
Acetate Metabolism in Ischemia-Reperfusion-Pathology-related changes to the cellular metabolism were assessed in skeletal muscle by the use of hyperpolarized [1- 13 C]acetate. A wellcharacterized model of skeletal muscle ischemia was employed, where ischemia is induced by occluding blood flow in hindlimb skeletal muscle. This model has previously been characterized by in vivo 31 P NMR, which shows recovery of phosphocreatine to ϳ90% of preischemic values within 16 min after occluding blood flow for 30 min, while ATP signal is only weakly reduced during ischemia because of the regeneration of ATP from phosphocreatine (36) . Metabolic pathway activities were assayed in this model by [ 13 C]DNP-NMR experiments performed before occlusion of blood flow for 30 min (control), after 5 min of reperfusion and after 1 h of reperfusion. Resultant spectra show a reduction of acetyl-carnitine formation from exogenous ace- tate following ischemia. Most notably, the effect was pronounced both after 5 min and after 1 h of reperfusion (Fig. 4) .
Statistical analysis of hyperpolarized [1- 13 C]acetate metabolism in mice shows that the ischemic group (n ϭ 3) is significantly separate from the control group (Fig. 5A) . Potential effects of altered tissue perfusion after ischemia were accounted for by relating [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]acetyl-carnitine signal areas to [1- 13 C]acetate signal areas inside the muscle (Fig.  5A ). This ratio is decreased from 1.14 Ϯ 0.26% (n ϭ 3) in the control group to 0.06 Ϯ 0.10% (n ϭ 3) in the second group with 5 min of reperfusion. After 1 h of reperfusion, the ratio is 0.42 Ϯ 0.16% (n ϭ 3) (Fig. 5A) . Thus, the formation of acetyl-carnitine from exogenous [1- 13 C]acetate is reduced more than 10-fold right after the ischemic period (p Ͻ 0.01) and is still significantly decreased (p Ͻ 0.02) after 1 h of reperfusion.
Different Recovery of Different Pathways-Persistent metabolic changes in this ischemic model were subsequently assayed by alternative hyperpolarized substrates of mitochondrial and cytosolic reactions. Use of hyperpolarized [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]fumarate was employed to assess TCA cycle activity with a substrate that is not reliant on co-substrates for conversion to its product malate. Formation of [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]malate from [1,4-13 C 2 ]fumarate is significantly increased from 0.74 Ϯ 0.19% to 2.85 Ϯ 0.07% (p Ͻ 0.05, n ϭ 2) after 5 min and to 7.50 Ϯ 0.42% (p Ͻ 0.05, n ϭ 2) after 60 min of reperfusion. The increased formation of [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]malate shows reduced rates of malate clearance relative to its synthesis, thus suggesting a reduced progression of subsequent reactions in the TCA cycle and overall reduced TCA cycle flux.
Hyperpolarized [1-13 C]pyruvate as substrate for the cytosolic lactate dehydrogenase reaction on the other hand shows increased conversion to lactate upon ischemia. This is expected from increasing NADH:NAD ϩ ratios under hypoxic conditions (41) . Pyruvate reduction to lactate is, however, significantly increased (p Ͻ 0.01) only shortly after ischemia has been released with an increase of the lactate:pyruvate ratio from 0.56 Ϯ 0.15 (control; n ϭ 5) to 0.84 Ϯ 0.12 (n ϭ 5), whereas deviations from control levels are insignificant (p Ͼ 0.2) after 1 h of reperfusion (lactate:pyruvate ratio 0.63 Ϯ 0.15 (n ϭ 5)) (Fig. 5B) . This normalization in cytosolic pyruvate usage after 1 h is in contrast to abnormally low acetate metabolism by AceCS and CrAT as well as TCA cycle activity in mitochondria.
DISCUSSION
Acetate is a well-suited substrate for in vivo spectroscopy because of its fast cellular resorption and simple metabolism. Acetate supposedly is lipophilic enough to diffuse freely across membranes that separate subcellular compartments and thus sensitively reports on fluxes through AceCS-and CrAT-catalyzed reactions, even when this activity is sequestered in organelles.
Organ specific pathway activity of acetate metabolism as obtained in this study shows a larger flux of exogenous acetate to acetyl-carnitine in myocardium than in the liver. In the heart, the predominant AceCS2 isozyme activity implies uptake of exogenous acetate mostly into the mitochondrial acetyl-CoA pool and subsequent free equilibration with carnitine, thus allowing an increased flux of marker signal into the acetyl-carnitine pool. This is in principal agreement with the notion that fatty acids are major substrates of energy metabolism in myocardium (42) and that the mitochondrial isoforms AceCS2 predominates in the heart (1). In myocardium, skeletal muscle, and other tissues, AceCS2 supposedly functions to feed acetate into the TCA cycle as acetyl-CoA (43) .
In liver, less acetyl-CoA flux to acetyl-carnitine is found than in the heart (Fig. 3) . This reflects that the prevalence of different AceCS isoforms in both tissues results in organspecific differences in acetate metabolism. In the liver, cytosolic AceCS1 provides acetyl-CoA for lipid synthesis. The putative absence both of mitochondrial AceCS2 and cytosolic CrAT supposedly avoids the use of acetate for acetyl-carnitine formation, mitochondrial import, and degradation in competition to lipogenesis (3, 34) . The detection of acetyl-carnitine synthesis by in vivo DNP-NMR is thus surprising and indicates that fatty acid synthesis and oxidative metabolism compete for acetate in liver. The finding of acetyl-carnitine synthesis indicates either (i) the presence of non-negligible acetyl-CoA synthetase activity in liver peroxisomes, endoplasmic reticulum or mitochondria, (ii) presence of non-negligible CrAT activity in the cytosol, or (iii) specific uptake mechanisms of acetyl-CoA into cellular organelles (3) . The possibility that acetyl-carnitine signal in liver results from synthesis outside the liver and subsequent resorption from plasma seems unlikely, as no significant increase in plasma levels of [1- 13 C]acetyl-carnitine was observed following injection of hyperpolarized [1- 13 C]acetate. The capacity to detect tissue differences of hyperpolarized [1- 13 C]acetate metabolism in vivo allows the use of hyperpolarized [1- 13 C]acetate as noninvasive disease biomarker. Reduced acetate metabolism as observed by 13 C DNP-NMR in vivo up to 1 h after ischemia suggests that co-substrate pools (ATP, CoA, carnitine, see Fig. 2C ) or enzyme activities for acetyl-carnitine synthesis from exogenous acetate are reduced following ischemia and normalize only slowly. Earlier studies suggest that ischemic muscle exhibits a cellular build-up of free fatty acids and their activated acyl-CoA and acyl-carnitine esters (8, 42, 44, 45) . Free carnitine and CoA pools on the other hand decrease and get limiting to acetate metabolism, fatty acid oxidation, and pyruvate decarboxylation under conditions of low TCA cycle flux in ischemia, acute myocardial infarction and cardiac failure (9, 17, 46 -49) .
Reduced pools of free carnitine and increased pools of acetylcarnitine have previously been observed ex vivo after 30 min of recovery from anaerobic metabolism (48) . ATP on the other hand retains preischemic levels because of buffering by phosphocreatine in the current ischemic model (36) , while limited literature data on AceCS and CrAT expression give no indication of reduced enzyme levels under hypoxic conditions (50 -52) . Overall, this suggests that reduced, slowly recovering pools of free CoA and carnitine rather than ATP or enzyme levels are assayed by reduced acetate activation in vivo for more than 1 h after ischemia.
We find that acetate provides unique and sensitive information on cellular energy metabolism as compared with markers of glucose metabolism, because acetate metabolism is altered for a longer period of time after ischemia than e.g. pyruvate reduction (Fig. 5) (17) . This implies that CoA depletion following ischemia or high work loads will turn off AceCS activity faster than the other aforementioned CoA-dependent enzymes. Accordingly, AceCS activity is turned on later during recovery from CoA depletion than e.g. pyruvate dehydrogenase, thus suggesting the use of hyperpolarized [1- 13 C]acetate as a persistent marker of altered CoA and carnitine pools.
Free carnitine and CoA are indispensable for cellular energy metabolism and depend on the regeneration of CoA by the TCA cycle. We detect long-term alteration of TCA cycle flux upon ischemia-reperfusion in form of reduced clearance of malate by the cycle. Reduced flux of hyperpolarized [1- 13 C]pyruvate and [2-13 C]pyruvate into the TCA cycle has been described in ischemic myocardium in vivo (25) and ex vivo (24, 33) . The recovery of pyruvate dehydrogenase flux into the TCA cycle during reperfusion has however remained unclear, presumably because of the absence of long-chain fatty acids and ketones in ex vivo perfusion.
Reduced in vivo clearance of [1,4-13 C 2 ]malate by the TCA cycle in ischemia-reperfusion in the current study directly shows that reaction fluxes in the cycle are reduced relative to the formation of malate by fumarase. Inhibition of TCA cycle enzymes ␣-ketoglutarate dehydrogenase, succinate dehydrogenase, and aconitase accordingly has been associated with the presence of reactive oxygen species when tissue is reoxygenated upon ischemia (53, 54) , and enzymatic fluxes under oxidative stress await further studies in vivo. The submicromolar K m of ␣-ketoglutarate dehydrogenase toward CoA suggests that TCA cycle activity in recovering skeletal muscle is not limited by CoA. Acetyl-CoA is unlikely to be limiting under conditions of increased beta oxidation following ischemia (55) , especially as the K m of citrate synthase toward acetyl-CoA (0.2 mM) indicates saturation (56, 57) . Stable ATP levels (36) and fast recov-ery of reduction equivalents as judged from recovering LDH flux in the current ischemia-reperfusion model thus indicate that altered fluxes in the TCA cycle result from inhibition of TCA cycle enzymes rather than limiting acetyl-CoA or cosubstrate pools. Overall, instantaneous measurements of acetate metabolism, TCA cycle, and anaerobic glycolysis in vivo demonstrate long lasting disturbance of mitochondrial bioenergetics following tissue hypoxia.
